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 Environmental concerns have been motivating research in the field of 
biodegradable materials, especially those from biological sources. Polylactic acid (PLA) 
is one biopolymer with the potential to replace some standard synthetic polymers. PLA is 
currently used for fibers, medical sutures, and some packaging, but is still used very little 
compared with synthetic polymers. One thing that can be done to expand the potential 
applications of PLA is to add fibers to create composite materials. Bamboo is a good 
choice for these fibers because it is abundant in many parts of the world, grows very 
quickly, and is widely unused. 
 Composites were created from PLA and short bamboo fibers, and their 
mechanical and thermal properties were examined.  Samples were fabricated by mixing 
PLA pellets and bamboo fibers and extruding the mixture with a single-screw extruder.  
The extruded material was collected and compression molded. Bamboo fibers were alkali 
treated with sodium hydroxide (NaOH) before extrusion. Samples were created with four 
different treated fiber concentrations: 5%, 10%, 20%, and 40% by weight. Samples with 
  
20% untreated fibers and samples of pure PLA were created with the same fabrication 
parameters and tested for comparison. The mechanical properties of the bulk composites 
were analyzed with three-point bending and Charpy impact tests, as well as dynamic 
mechanical analysis. Thermogravimetric analysis and dynamic mechanical analysis were 
used to examine thermal properties. Nanoindentation and scanning electron microscopy 
were used to study the properties of the embedded fibers and the morphology of the 
matrix-fiber interface. Some theoretical modeling was also conducted to better 
understand the experimental results. 
 The results show no significant improvement in properties was achieved through 
the addition of bamboo fibers to the PLA. The poor composite performance is attributed 
to weak interfacial strength between neighboring fibers and inefficient fiber length.
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Chapter 1 
INTRODUCTION 
 
  Research in the field of polymers and composites from biological sources strives 
to replace traditional, synthetic polymers and composites with more environmentally-
friendly and sustainable alternatives. Fossil fuel-derived plastics are often harmful to the 
environment: their production can be very polluting and a great deal of waste is generated 
from them. Biopolymers currently have few applications compared with synthetic 
polymers, in part because they are a relatively new research area. Composites made from 
biopolymers by adding a reinforcing material can be designed with specific properties. 
The purpose of this study was to examine the potential reinforcing effects of short, 
randomly oriented bamboo fibers on polylactic acid (PLA). Bamboo and PLA were 
chosen for composite fabrication because of their availability, mechanical properties, and 
biodegradability. Other studies have been done with PLA and bamboo fiber composites, 
which influenced some of the choices made in this study.  
 The term biocomposite has multiple definitions, depending on the source. It can 
refer to a composite with one or more biological elements, a composite with exclusively 
biological elements, or a composite that occurs naturally. In this thesis, the term is used to 
describe composites made entirely from materials of biological origin. 
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1.1  Environmental Concerns 
 Biodegradable materials are those that can be completely mineralized by 
microbial activity. In a biodegradable polymer, enzymes attack the bonds in the polymer 
chains, reducing them to monomers and small oligomers that can then be metabolized by 
bacteria or other microorganisms. Biopolymers are polymers derived entirely from 
biological sources, so they are inherently biodegradable. Most synthetic polymers are not 
biodegradable because it takes more energy to break their polymer chains. Therefore, 
they degrade much more slowly than biodegradable polymers. 
 In 2010, the United States generated 31 million tons of plastic waste, constituting 
12.4% of municipal solid waste [1]. These plastics will take 10 – 600 years to fully 
degrade [2]. Recycling is a good way to reduce the amount of plastic waste that must be 
stored in landfills, but only about 8% of plastic waste is recycled [1]. There is also a 
portion of plastic waste that is discarded in the street or on the ground, damaging 
aesthetics and ecosystems, in some cases. Replacing some of these petroleum-based 
plastics with biodegradable alternatives could significantly reduce the amount of waste in 
landfills, as well as other places. 
 Polymers that create less pollution during manufacturing and consume less, or no, 
fossil fuels are preferable for the environment. It takes a great deal of energy to produce 
synthetic polymers. Many synthetic polymer production processes require in the range of 
100 MJ of energy per kilogram of polymer produced [3]. These production processes also 
generate greenhouse gasses. For example, 6870 kg of greenhouse gasses are emitted per 
ton of nylon produced, and some polymers create emissions of over 10000 kg/ton [3]. In 
contrast, the long-term production of the biopolymer PLA requires only 5 MJ/kg and can 
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result in a net reduction of greenhouse gasses when it is produced from plant materials. 
Also, synthetic polymers are made from fossil fuels, typically petroleum [4]. There is a 
limit to the Earth’s supply of petroleum and humans are heavily dependent upon 
petroleum for much more than polymer production. However, plants and many other 
biological materials are annually renewable. If polymers are created from these 
renewable resources, the supply of raw materials for polymers is unlikely to be depleted. 
 There are some polymers derived from biological sources that are currently in 
use, but they constitute a small portion of total polymer usage.  For example, some 
natural polymers are used in car tires, biomedical applications, clothing fibers, and 
packaging [3], [4], [5]. Natural fiber composites are currently used in the automotive 
industry. DaimlerChrysler began using flax, coconut, and abaca fibers in their car 
interiors in 2006, and the Canadian company Motive has plans to produce an electric car 
whose entire body will be made from hemp and flax fiber composites [6], [7]. Motive 
expects to achieve a 10% decrease in vehicle weight, which will increase vehicle 
efficiency [7]. Exploring the full range of properties of biopolymers and biocomposites 
will hopefully lead to a wider range of applications for them.  
1.2  Fiber-reinforced Polymer Composites  
 Composite materials are created to enhance the properties (mechanical, thermal, 
etc.) of individual materials by combining them into a new material. The materials in the 
composite remain as separate phases, and each retains its physical and chemical 
properties. When combined, the composite as a whole has the potential to exhibit new 
behavior unattainable by either material on its own. Composite materials for structural 
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purposes consist of strong, load-bearing materials embedded in a weaker, binding 
material called the matrix [8].   
 A common type of composite consists of a polymer matrix reinforced by fibers of 
another material. Modern fiber-reinforced polymer (FRP) composites began in the 1930s 
with the development of fiberglass, a resin reinforced with glass fibers. Fiberglass is a 
common structural component of boats and aircraft [8]. Now, FRPs are also used in 
pressure vessels, high-performance athletic equipment, construction materials, and many 
other applications. These composites are desirable because of their high potential 
strength-to-weight ratio and their resistance to corrosion [8].  
 The matrix of the FRP transfers applied loads to the fibers while protecting them 
from the environment and mechanical abrasion [8], [9]. The role of the fibers is to 
provide reinforcement to the matrix [9]. The mechanical properties of an FRP are 
dependent upon the length, orientation, and mechanical properties of the fibers, as well as 
the mass fraction of fibers in the composite [10]. The interface between the matrix and 
the fiber also has a significant effect on the composite properties. A good interface is 
necessary to ensure that stress is effectively transferred to the fibers and that spaces do 
not open up between the matrix and the fibers [11]. 
1.3  Bamboo Fibers 
Bamboo fibers were chosen over other natural fibers because bamboo is abundant 
and not widely used. Bamboo is plentiful in Asia and South America and it grows 
naturally without the need for cultivation [12]. A bamboo plant tends to reach its mature 
size in six to eight months with some variation between species [13]. Not only is it a 
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renewable resource, it is often considered a weed because it grows and spreads quickly. 
Bamboo is used on a small scale for construction and home décor, but it remains a niche 
market. Some claim that bamboo is the last sustainable plant resource that has not been 
vastly used [14].  
  Many natural fibers have been studied as reinforcements for both synthetic 
polymers and biopolymers. Plant fibers are composite materials comprised of cellulose 
fibrils dispersed in a matrix of lignin and hemicelluloses [12]. They also contain small 
amounts of free carbohydrates, proteins, extractives, and inorganics. Cellulose is the 
primary structural component of plant fibers and the most abundant naturally-occurring 
polymer on Earth. It is a polysaccharide polymer with the tendency to form intra- and 
intermolecular hydrogen bonds, so it can be found with high crystallinity. Hemicelluloses 
are polysaccharide polymers comprised of shorter polymer chains than cellulose. Lignin 
is an amorphous polymer of phenol-propane units. It is an encrusting agent that gives 
plant cell walls their rigidity [15]. The chemical composition of bamboo fibers and some 
other natural fibers are given in Table 1. Bamboo fibers contain more lignin than many 
other natural fibers, which can make them brittle [12]. 
 
Table 1: Chemical composition of bamboo fibers and other natural fibers [15]. 
Fiber Cellulose 
(wt %) 
Hemicellulose 
(wt %) 
Lignin (wt %) Ash (wt %) Silica (wt %) 
Bamboo 26 – 43 15 - 26 21 - 31 1.7 - 5 0.7 
Bagasse 32 – 48 27 - 32 19 - 24 1.5 - 5 0.7 – 3.5 
Jute 45 – 63 18 - 21 21 - 26 0.5 - 2 -- 
Hemp  57 – 77 14 - 17 9 - 13 0.8 -- 
Ramie 87 – 91 5 - 8 -- -- -- 
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In addition to their biodegradability and availability, bamboo fibers have 
advantageous mechanical properties. The tensile properties of bamboo fibers and other 
natural fiber are listed in Table 2. Bamboo fibers have a lower strength than several of the 
fibers in the list, but they have nearly the highest specific strength, which is the ratio of 
strength to density. Like any natural fiber, the properties of bamboo fibers are somewhat 
unpredictable because they vary based on the growing season, age of the plant, nutrients 
available in the soil, as well as other environmental factors [16]. 
 
Table 2: Tensile properties of bamboo fibers and other natural fibers. Bamboo has a high specific 
strength compared with other natural fibers. (Bamboo and jute properties from [12]; all other fiber 
properties from [17]). 
Fiber 
Tensile Strength 
(Mpa) Young's Modulus (GPa) 
Specific Strength 
(MPa/kg m-3)  
Bamboo 441 35.9 0.551 
Jute 370 22.7 0.2846 
Sisal 567 10.40 0.3910 
Vakka 549 15.85 0.6778 
Palm 377 2.75 0.3660 
Coconut 500 2.50 0.4348 
Banana 600 17.85 0.4444 
 
 The bamboo culm, which is the above-ground stalk of the plant, is made up of 
segments called internodes. The boundaries between the internodes are the nodes (see 
Figure 1). The fibers are located in the internodes of the bamboo culm. The length of the 
fibers is the entire length of the internode. The natural aspect ratio of the fibers is 
between 150:1 and 250:1, depending on the plant [18].  
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Figure 1: Bamboo culm with node and internode locations. Bamboo fibers are found inside the 
internodes. (image from Wikipedia) 
 
Most bamboo plants have a hollow culm center, while most of the surrounding 
tissue is parenchyma. In bamboo, parenchyma provides structure for the plant and has a 
high lignin content. Vascular bundles are part of the transport system of the bamboo and 
they extend from the base of the plant toward the top inside the culm [18]. A cross-
section of a bamboo internode with a vascular bundle labeled is shown in Figure 2. 
 
Nodes 
Internode 
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Figure 2: Cross-section of a bamboo internode. The bamboo fibers surround the vascular bundles. 
(adapted from [18]). 
 
Groups of fibers are surrounded in parenchyma and are found as caps of the vascular 
bundles, as seen in Figure 3 [18]. 
 
 
Figure 3: Bamboo vascular bundle. The fibers, 1, are caps on the vascular bundles. Groups of fibers 
are surrounded in parenchyma, 2. The vascular parts of the plant are 3-7. (adapted from [19]). 
 
Vascular 
bundle 
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1.4  Polylactic Acid 
 Polylactic acid (PLA) is one of few biopolymers that is produced on a relatively 
large scale and has had success replacing synthetic polymers in some applications [3]. 
Mostly, PLA has been used in biomedical applications. It is a common material for 
sutures [3]. It is also used by several companies for food packaging [5]. 
PLA is a semicrystalline, thermoplastic, hydrophobic polyester [20], [21]. It is 
derived from annually renewable agricultural products, often corn starch or dairy whey 
[21]. The fermentation of dextrose leads to the production of lactic acid, the basic 
component of PLA. The lactic acid monomers are then polymerized either through a 
condensation process or through ring-opening polymerization [3]. The production of PLA 
uses less energy and produces less greenhouse gasses than the production of several 
synthetic polymers. When PLA is produced from field wastes and other biomass, it can 
result in a net reduction of greenhouse gasses because plants absorb carbon dioxide [3].  
 PLA will biodegrade into humus, carbon dioxide, and water. In active compost, it 
will degrade within a few weeks. PLA is also a very good candidate for recycling. Most 
polymers are contaminated with incompatible materials when they are recycled, reducing 
their mechanical properties and leading to visible inconsistencies in the material. They 
are often restricted to low-perfomance applications. However, properly recycled PLA is 
essentially the same as brand new PLA. The monomers can be recovered by polymer 
hydrolysis and then repolymerized, removing impurities. [3].   
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1.5  Previous Work with PLA/Bamboo Fiber Composites 
 Tokoro, et al. [14] studied PLA/bamboo fiber composites with several types of 
bamboo fibers. Short fiber bundles, alkali treated filaments, and steam-exploded 
filaments were tested. Short fiber bundles were obtained by rolling and cutting, while the 
filaments required complete separation of each bamboo filament. Composites were made 
with 40% fiber content and fabricated by twin screw extrusion. The steam-exploded 
filaments increased the bending strength and fracture toughness of PLA most 
significantly. The short fiber bundles had little effect on the bending strength and 
decreased the fracture toughness. Short bamboo fiber bundles are easier to obtain than 
long filaments, and alkali treatment enhances the matrix-fiber adhesion.  
 Shih, Huang, and Chen [22] studied PLA/fiber composites for which the fibers 
came from recycled disposable chopsticks (primarily bamboo). The fibers were given a 
silane treatment, then the composites were prepared by melt blending and compression 
molding. They found that higher concentrations of fibers led to lower thermal stability of 
the composites. Also, the fibers increased the tensile strength of the PLA, with 40% fiber 
content showing the highest tensile strength. Lee and Wang [16] studied PLA/bamboo 
fiber composites with a coupling agent. The coupling agent, lysine diisocyanate (LDI) 
improved the strength and thermal stability of the composites, but slowed their 
biodegradation rate. 
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1.6  Fiber Treatments 
 Natural fibers often do not bond well with polymer matrices in their original 
extracted state. They are hydrophilic, reducing their compatibility with a hydrophobic 
matrix, and they are often covered in lignin [12]. Fiber treatment processes can be used to 
enhance the compatibility between natural fibers and the polymer matrix in a composite. 
Some common treatment processes are mercerization, permanganate treatment, and 
silane treatment. 
 Mercerization, also known as alkali treatment, is the use of sodium hydroxide 
(NaOH) to break hydrogen bonds and create more amorphous cellulose at the expense of 
crystalline cellulose [23]. Theoretically, removing the hydroxyl groups from the fibers 
will break the hydrogen bonds in the lignin and cellulose, removing some lignin and 
making the cellulose more active toward the matrix [23]. The reaction in the 
mercerization process is given by  
                                         
 Permanganate treatment is performed by pre-treating the fibers with a 
mercerization process, and then treating them with permanganate (KMnO4) [23], [24]. 
This treatment causes the formation of cellulose radicals. Radicals have unpaired 
electrons, making them very prone to chemical reactions. Interaction between the 
cellulose radicals and the polymer matrix can enhance chemical interlocking at the 
matrix-fiber interface [23].  
Silane treatment is a fiber coating process. Fibers are submerged in an alcohol and 
water mixture containing a silane coupling agent. The silane groups form bonds with 
hydroxyl groups, so they bond to the surface of the fiber, creating a coating. Because 
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polymer chains also contain hydroxyl groups, the silane surface coating should help the 
fiber bond to the matrix [25].  
Yu, et al. [25] found that both mercerization and silane treatments enhanced the 
bonding between PLA and ramie fibers, improving the mechanical and thermal 
properties. The composites with mercerized fibers had higher bending and impact 
strengths than the composite with the silane treated fibers. Joseph, et al. [24] found that 
both mercerization and permanganate treatment increase the tensile strength of 
polypropylene/sisal fiber composites. The mercerization led to a stronger composite than 
the permanganate treatment. Tokoro, et al. [14] studied composites of PLA and 
mercerized bamboo fibers, however, similar composites with untreated bamboo fibers 
were not created for comparison. The treated-fiber composites exhibited higher bending 
strength than neat PLA. 
1.7  Thesis Organization   
In this thesis, biocomposites of PLA and bamboo fibers were studied. Multiple 
fiber concentrations were analyzed. The highest concentration was 40% by weight, which 
was the optimal fiber concentration according to [22]. The composites were prepared by 
extrusion followed by compression molding to obtain a high fiber content. Because of 
positive results in previous work, mercerization was used to treat the fibers. 
In the first section of Chapter 2, the material sources and the composite 
fabrication process are described. The subsequent sections detail the testing procedures 
used to characterize the composites. The characterization of the bulk materials (macro 
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scale) is described first, followed by the investigation of the fibers and fiber-matrix 
interface (micro/nano scale).  
The results of the experiments are given in Chapter 3. The results of the 
fabrication process are described in the first section of Chapter 3. The characterization 
results follow and are separated into macro scale and micro/nano scale results. At the end 
of each of these sections is a discussion of the results. 
 Some theoretical modeling of composite mechanical properties was performed 
and is described in Chapter 4. Three different models were explored. For each model, the 
theory is explained, and the theoretical results are compared with the experimental 
results. Finally, in Chapter 5, conclusions and suggestions for future work are presented. 
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Chapter 2 
MATERIALS AND METHODS 
 
2.1  Materials 
 Bamboo fibers and PLA were combined into composites by single-screw 
extrusion. Fibers were treated with a mercerization process. 
 Two types of bamboo fibers were used in this study. Dhanu bamboo grown in 
Nepal was used for most of the composites. It was provided by Dr. Rameshwar Adhikari 
of Tribhuven University. The fibers for the two composites with 20% bamboo fibers 
came from Bamboo Fibers Technology (France). Fibers were separated by mechanical 
cutting and rolling of the bamboo culm. This process does not fully separate the 
individual fibers, so small fiber bundles resulted.  
 Fiber bundles were separated by size using sieves. The fiber bundles used in this 
study had a length of 2 mm and a diameter of 500 μm, on average. Image J software was 
used with a scanning electron microscope image of the fibers to determine average 
dimensions. 
 For some samples, the fibers were mercerized before extrusion with the goal of 
enhancing their interaction with a polymer matrix. The fibers were soaked in a 2M NaOH 
solution for four to six hours and then rinsed thoroughly with water to stop the reaction. 
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The fibers were then dried in an oven. Throughout this thesis, samples with mercerized 
fibers are denoted with “NaOH” in the sample name. 
 The polylactic acid (PLA) used in this study was obtained in pellet form from 
NaturePlast (France), grade PLI003. NaturePlast derives their PLA primarily from corn. 
Starches are hydrolyzed and fermented, resulting in lactic acids. The lactic acid 
monomers are put through a ring-opening polymerization process to obtain a high 
molecular weight polymer. This PLA is rated to with a tensile strength of 30-50 MPa and 
tensile modulus of 2500-4500 MPa [26]. 
 Five different composite samples were created and samples of neat PLA were 
fabricated with the same parameters for comparison. In this thesis, composites are named 
based on their composition before extrusion. The sample names and corresponding 
compositions are listed in Table 3.  
 
Table 3: Sample names used throughout this thesis and their corresponding compositions. 
Sample Name PLA content Bamboo fiber content Fibers mercerized 
PLA 100 wt% none  
PLA 20% BF 80 wt% 20 wt%  
PLA 5% BF NaOH 95 wt% 5 wt% x 
PLA 10% BF NaOH 90 wt% 10 wt% x 
PLA 20% BF NaOH 80 wt% 20 wt% x 
PLA 40% BF NaOH 60 wt% 40 wt% x 
 
 
PLA pellets and bamboo fibers were weighed using an electric balance (Bienfait, 
Netherlands) and mixed with a mechanical mixer (Hobart). Then, the mixture was put in 
an oven to remove moisture. After drying, the mixture was extruded with a single screw 
extruder similar to the diagram in Figure 4. 
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Figure 4: Schematic of a single-screw extruder with four heating zones. The central screw rotates, 
pushing molten polymer through the barrel from the hopper (left) to the shaping die (right). 
  
 To use a single-screw extruder, material is fed into the extruder through the 
hopper and the central screw rotates, forcing the material through the barrel. The screw 
root diameter increases, compressing the material as it moves through the machine. The 
barrel is heated in four independent temperature zones. The material is also heated from 
the friction inside the extruder.  
 The temperatures used here were Z1 = 160°C, Z2 = 180°C, and Z3 = 200°C. 
Continual speed adjustments were required to maintain a steady flow of material out of 
the extruder. For this extrusion process, the shaping die (zone 4) was removed to allow 
the fibers to pass more easily out of the extruder. After passing through the extruder, the 
materials were compression molded. Extruded material was collected in 100 x 150 mm 
rectangular molds and subjected to 7 GPa of pressure with a mechanical press. The 
partially hardened plate was then removed from the mold and allowed to finish cooling to 
room temperature. 
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2.2  Macro Scale Characterization 
 The properties of the bulk material were studied in the first part of the 
characterization. Both mechanical and thermal properties were included in the analysis. 
Mechanical properties were tested with three-point bending, impact, and hardness tests, 
as well as dynamic mechanical analysis (DMA). Thermal properties were tested with 
DMA and thermogravimetric analysis (TGA). 
2.2.1  Three-point Bending 
 Material properties in bending were determined by a three-point bending test 
conducted with an Instron hydraulic traction machine as shown by the schematic in 
Figure 5. 
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Figure 5: Schematic of the three-point bending test configuration. The stress roller deforms the 
specimen, creating a stress response in the specimen. 
  
 The machine deforms the specimen at a user-defined rate and records the load 
required to do so. It considers the deformation,  , to be the total vertical distance the 
stress roller has moved since the beginning of the test. The load,  , is the force the 
specimen exerts on the stress roller. The specimen bends during the test, creating 
compressive stresses in the top of the specimen and the tensile stresses in the bottom. The 
strain is not constant across the cross-section of the material. It is higher at the top and 
bottom, and nearly zero in the center. The applied strain is defined as the maximum strain 
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at a particular instant, which occurs at the top and bottom surfaces of the specimen where 
the load is applied. It is calculated from the deformation as 
 
     
   
  
  
(1)  
The stress in the material is calculated from the load on the stress roller. The maximum 
stress occurs in the same locations as the maximum strain and is given by 
 
     
   
    
   
(2)  
The stress is plotted as a function of strain throughout the test, and the resulting graph is 
used to determine the bending properties of the material. Figure 6 is an example of an 
ideal stress-strain graph for a ductile material. 
 
  
 
 
 
 
Figure 6: Ideal stress vs. strain graph for a ductile material. The material strength is the maximum 
stress achieved, and the modulus is the slope of the portion of the curve corresponding to elastic 
deformation. 
 
 The specimen deforms elastically at first, followed by a period of plasticity and 
then failure. A material that is deformed elastically will return to its original state when 
the stress is removed, while plastic deformation is permanent. The maximum stress the 
sample reaches is the material strength and the slope of the linear part of the stress-strain 
Strength 
Slope = Modulus 
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curve is the elastic modulus. The elastic modulus describes how much stress is required 
to elastically deform the material. Because the term “elastic modulus” implies a tensile 
loading configuration, the term “bending modulus” is used in this report. 
 Ten specimens of each material were tested, except neat PLA and PLA 20% BF. 
Only three specimens of PLA and PLA 20% BF were tested due to a shortage of 
materials. Samples were cut into approximately 5 mm x 10 mm x 100 mm specimens. All 
specimens were rectangular, but there was some variation in specimen size due to 
variations in plate size. 
2.2.2  Impact 
 Impact testing was done with a CEAST pendulum impact tester (type 6545). The 
impact toughness of a material is the amount of energy it can absorb through plastic 
deformation before fracture.  In an impact test, a pendulum is released from a raised 
position and it hits the specimen at the bottom of its swing. The test is depicted in Figure 
7. The energy absorbed during impact can be inferred from the height to which the 
pendulum swings after the impact. The output of the testing machine is the impact 
energy. 
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Figure 7: Schematic of impact test pendulum. The pendulum impacts the specimen at the bottom of 
its swing. The energy absorbed during impact can be inferred from the difference in height between 
the release point of the pendulum and the highest point it reaches after impact. 
 
 A notch is cut into the specimen to control the location of fracture. The specimen 
is positioned so that the pendulum contacts it opposite the notch, as shown in Figure 8. 
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Figure 8: Top view of specimen during impact test. The notch opposite the impacter controls the 
location of fracture. 
  
 Fracture toughness is calculated from the impact energy and the area below the 
notch. Referring to the dimensions shown in Figure 9, the fracture toughness,    , is 
     
  
(   ) 
 , (3)  
where    is the impact energy, in Joules, read from the digital readout on the testing 
machine. 
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Figure 9: Charpy impact test specimen. The area under the notch is used to calculate the fracture 
toughness from the impact energy. 
 
 The tests were carried out on samples having dimensions 10 mm x 4 mm x 100 
mm. A V-shaped, 2 mm-deep notch was cut into each sample. Ten specimens of each 
material were tested, except neat PLA and PLA 20% BF. Only three specimens of PLA 
and PLA 20% BF were tested due to a shortage of materials. 
2.2.3  Hardness 
 Hardness testing was done using a Shore Durometer, using the D scale. A Shore 
Durometer is used to measure the relative hardness of elastomers and soft plastic 
materials. Hardness is measured by indentation resistance based on the depth of 
penetration of a conical indenter. The hardness value can range from 0 (no penetration) to 
100 (full penetration). The D scale, which is used for harder materials, uses a narrower tip 
and a larger load than the A scale. The D scale was used here because PLA was found to 
be harder than 100 on the A scale. All hardness values reported herein are instantaneous 
(within approximately 1 second of load application). 
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2.2.4  Density 
 Before the three-point-bending tests were carried out, the cut samples were used 
to measure density. The length, width, and thickness of each rectangular prism-shaped 
sample were measured with a Digimatic digital caliper. The mass of each sample was 
measured using an electric balance (Mettler PE 6000). The density was the found using 
the basic mass and volume formula. The values reported are the average of the densities 
of three samples of each material. 
2.2.5  Dynamic Mechanical Analysis 
 A viscoelastic material exhibits both viscous and elastic behavior. Viscous 
materials resist deformation. When a stress is applied, they deform slowly over time and 
the deformation is irreversible. An elastic material deforms instantaneously when a stress 
is applied and returns to its original state when the stress is removed. Thus, the 
deformation of a viscoelastic material is time-dependent and, to a certain extent, 
reversible [27]. The storage modulus is an indication of the material’s elasticity. The loss 
modulus is related to the viscous behavior and indicates how much energy is lost to heat 
in deforming the material [28]. 
Dynamic mechanical analysis (DMA) is used to quantify the viscoelastic response 
of a material. A specimen is subjected to an oscillating force and its displacement 
response is measured and analyzed, as shown in Figure 10. The oscillating force results in 
a sinusoidal stress being applied to the sample, and in turn, a sinusoidal stress response in 
the specimen. The amplitude and frequency of the applied force and the temperature of 
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the environment can be controlled, so that the dynamic material properties can be 
measured under a range of conditions [28].  
 
 
Figure 10: Sinusoidal applied force and material response (bold) in a dynamic mechanical analysis 
test. The parameters of the signals are used to determine the dynamic mechanical properties of the 
specimen. 
  
 The storage modulus,   , and loss modulus,    , are calculated from the applied 
force and material response. These relations are given by 
    (
  
  
)      (
  
  
)     , (4)  
     (
  
  
)      (
  
  
)     , (5)  
where    is the peak force applied,   is the peak material displacement,   is the phase 
angle, and   is a specimen geometry factor that is calculated internally by the software 
based on the size of the sample and the testing configuration that are input by the user. 
The equations can also be expressed in terms of peak stress,   , and peak strain,   . The 
phase and the dynamic moduli are related by [28] 
   
  
  
Material response 
Applied force 
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(6)  
     is a measure of the damping capability of a material. It indicates how efficiently 
the molecular rearrangements and internal friction in a material can dissipate energy.  
 In this study, DMA was conducted in the single-cantilever configuration. Neat 
PLA and each NaOH-treated fiber composite sample were tested. Each test was 
performed on one specimen from each sample. Each specimen was used only once. The 
first test was an amplitude sweep for each sample at room temperature (30°C). From the 
amplitude sweep, an amplitude of 5 μm was selected for all other tests from the linear 
range of the storage modulus v. frequency graph. A frequency sweep was performed 
from 100 to 0.01 Hz at 30°C. The final test was a temperature sweep from 30 to 150°C at 
1 Hz. 
2.2.6  Thermogravimetric Analysis  
 Thermogravimetric Analysis (TGA) is used to study the thermal degradation of a 
material. A small amount of material (approximately 10 mg) is placed in a crucible and 
inserted in the TGA balance. The balance chamber is sealed, purged, and filled with an 
inert gas. Then, the chamber is heated at a specified rate and the weight of the specimen 
is monitored as a function of temperature. 
 The onset temperature of degradation is inferred from the mass vs. temperature 
graph, as shown in Figure 11. Two lines are fit to the graph: one before the degradation 
begins and one during the degradation process. The intersection of these two lines defines  
the onset temperature of degradation. The residual mass is the final mass measuremed at 
the end of the test. 
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Figure 11: Idealized specimen degradation curve from a thermogravimetric analysis test. The onset 
temperature of degradation is determined from the slopes of the degradation and pre-degradation 
portions of the curve. 
  
The derivative thermogravimetry (DTG) curve is the derivative of the mass vs. 
temperature curve with respect to temperature. It can be used to determine the 
temperatures at which significant degradation stages take place. 
 Thermogravimetric analysis (TGA) was conducted using a Netzsch TG209 
balance (Germany).  Tests were performed in a nitrogen atmosphere. Temperature was 
increased from 20°C to 700°C at a rate of 10°C/min. 
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2.3  Micro/Nano Scale Characterization 
 To understand better the macro-scale properties of the composites, the fibers and 
the interfaces in the composites were studied by nanoindentation and scanning electron 
microscopy. An ultramicrotome was used to prepare specimens with surfaces smooth 
enough for nanoindentation. 
2.3.1  Ultramicrotomy 
 An ultramicrotome is a machine capable of cutting sections of a material more 
precisely than a standard microtome. It is defined by its capability to cut sections thin 
enough for transmission electron microscopy [29]. The ultramicrotome used in this work 
was an LKB Ultrotome III. The knife used was a Diatome 8mm Histo knife. The parts of 
the main unit of the ultramicrotome including the knife and specimen configuration are 
shown in Figure 12. The ultramicrotome controls are shown in Figure 13. Because the 
surface preparation is critical for nanoindentation, a detailed description of the 
ultramicrotomy is provided here. 
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Figure 12: LKB Ultrotome III main unit with knife and specimen (a) entire unit; (b) close-up of 
specimen arm and knife. 
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Figure 13: LKB Ultrotome III control unit. This unit includes specimen elevation and automation 
controls. 
 
 Before nanoindentation, PLA/bamboo fiber samples were cut with the 
ultramicrotome to create a smooth surface. The knife was advanced manually between 
each cut. Each cut was performed by manually lowering the specimen past the blade. 
 A bandsaw and shears were first used to cut a small specimen, with a cross-
section of approximately 2 mm x 4 mm, from the composite block. The surface to be cut 
was initially smoothed with a razor blade. The specimen was then mounted in the 
specimen chuck and the specimen chuck was mounted on the ultramicrotome. If it was 
not already in the locked position, the specimen arm was locked at this step. 
Specimen elevation 
manual control 
Auto / manual 
control switch 
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 Using the macro feed knob the knife stage was withdrawn from the specimen 
surface. For coarse movement of the knife stage, both the inner and outer knobs, shown 
in Figure 14, must be turned together. The knife stage was withdrawn far enough to 
ensure the knife would not touch the specimen when mounted. If there was not enough 
room, the specimen chuck was removed and the specimen position adjusted. The knife 
was then mounted in the holder, taking care not to allow the knife to come into contact 
with any other object.  Typically, the trough of an ultramicrotome knife is filled with 
distilled water to allow sections to float away from the knife and remain flat [29]. As the 
goal in this work was to obtain a smooth surface, the cut sections were of no interest, and 
the trough was left dry. 
 
Figure 14: LKB Ultrotome III macro feed knob for manual knife movement. The inner and outer 
knobs are turned together for coarse movement. The outer knob is used for fine movement. 
Outer knob Inner knob 
  
Advance 
Withdraw 
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 The next task was to align the specimen and knife. First, the sample and 
adjustable arc were oriented horizontally. With the microscope above the specimen, the 
knife was advanced using the coarse macro feed until it was nearly touching the 
specimen. Then the specimen orientation was adjusted, using the adjustable arc, until the 
face of the specimen was as parallel as possible to the knife edge. Then the knife was 
retracted slightly to allow room for movement of the specimen. Leaving the chuck 
secured in the adjustable arc, the entire specimen orientation head was rotated 90° so that 
the specimen was vertical.  
 After alignment, the stroke was checked to ensure the entire specimen face would 
pass over the knife edge. The specimen arm was released and the specimen was lowered 
past the knife (without contact) using the specimen elevation manual control. In proper 
position, the lower edge of the specimen would be above the knife at the top of the stroke 
and the upper edge of the specimen would be below the knife edge at the bottom of the 
stroke. Height adjustments were made, if necessary, with the specimen height adjustment 
screw.  
 With the microscope in front of the specimen and the specimen arm in the locked 
position, the rotation of the specimen was finely adjusted until the face was visibly 
perpendicular to the knife. The stroke was checked again at this point. If it was no longer 
in the proper position, the specimen height was readjusted. These two steps were repeated 
until the specimen was properly aligned in both directions. The specimen was cut in the 
vertical position because the knife is under a more uniform strain when the short axis of 
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the specimen, as opposed to the long axis, is parallel with knife edge. Less strain on the 
knife leads to a more even cut [29].  
 Next, the cutting process began. Fine movements of the knife stage were achieved 
by turning only the outer part of the macro feed knob, shown in Figure 14. There was a 
limit on the total distance the knife could advance using the fine macro feed. In order for 
the fine feed to be used as much as possible, it was turned backward (counter-clockwise) 
several rotations before starting the cutting process. The fine macro feed knob has 
markings on it to indicate a specific feed distance, but they are not labeled. This distance 
is therefore simply referred to as a unit.  
 The knife was advanced with the coarse macro feed until it was nearly touching 
the blade. This position was verified by lowering the specimen so that its top edge was 
level with the knife, and using multiple microscope angles. Actually touching the blade to 
the specimen in this configuration could damage the blade. From this point, the knife was 
advanced 2 units with the fine macro feed knob. Then, a cut was made by manually 
lowering the specimen arm past the knife. Through trial and error, it was discovered that 
the knife could consistently cut sections of this material that were 2 units thick. Attempts 
made to cut thicker sections sometimes resulted in the knife getting stuck. This process of 
advancing and cutting was repeated until the entire face of the specimen was removed in 
one cut. Typically, no material was removed with the first few cuts while the knife was 
approaching the specimen. 
 When this limit was reached, the section thickness suddenly became very thin or 
no material was removed at all. To continue cutting, the micro feed knob was turned 
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backward several rotations to make sure it was in the full retracted position. Then, the 
knife was advanced with the macro feed knob until it reached its previous position. While 
the movement of the knife between cuts is too small to see with the ultramicrotome 
microscope, the full retraction of the micro feed is visible under higher magnification. 
Then, the cutting process was repeated, often starting with a few passes of the specimen 
before the knife was close enough to cut the material. 
 During the cutting process, the initial cuts would take off only small parts of the 
surface. More material was removed with each cut as the surface became smoother. Once 
the entire surface could be removed in one cut, the section thickness was reduced to 1 
unit, and several more cuts were made. The following list is a summary of the steps of the 
ultramicrotomy process for surface preparation. 
1. Obtain a small specimen (cross section of approximately 8 mm2 or smaller). 
2. Mount the specimen in the chuck and mount the chuck on the ultramicrotome. 
3. Withdraw the knife stage far enough that the knife can be mounted without 
contacting the specimen. Mount the knife on the knife stage. 
4. Align the specimen so that the surface to be cut is parallel to the knife edge when 
viewed form above. 
5. Check the stroke of the specimen arm. The entire specimen face should pass by 
the knife edge. 
6. Rotate the specimen so that it is perpendicular to the knife when viewed from the 
front. 
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7. Advance the knife (coarse macro feed) until it is nearly in contact with the 
specimen. 
8. Advance the knife 2 units with the fine macro feed. Lower the specimen past the 
knife edge. Repeat until the knife begins to cut the specimen. 
9. Continue cutting the specimen until the entire surface can be removed in a single 
cut. Only small portions of the surface will be removed at first. 
10. Reduce the thickness to 1 unit and make several more cuts. 
2.3.2  Nanoindentation 
 Nanoindentation was performed with a Hysitron Bio Ubi VII and the analysis was 
done using TriboScan 9.1 software. Two different nanoindentation methods were used to 
characterize the PLA/BF composites. Quasi-static indents were performed to obtain 
quantitative modulus data for points of interest on the composite. Modulus mapping was 
used to create a visual representation of nano scale changes in modulus across the fiber-
matrix interface.  
 Nanoindentation is a method for determining the mechanical properties of the 
surface of a specimen on the nanometer scale. In a typical experiment, an indenter tip 
penetrates the surface of a specimen, and the indenter load and depth of penetration are 
used to determine the modulus and hardness of the specimen. The area of contact at full 
load can be found from the penetration depth. The area is too small to be determined 
optically, so it is found from the penetration depth and the geometry of the indenter tip. 
Contact pressure can be estimated from the contact area and used to determine the 
hardness of the specimen [30].  
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 The procedure in a quasi-static test usually involves loading the tip at a constant 
rate up to a prescribed maximum followed by an unloading. The measurement can be 
either load-controlled or depth-controlled.  The force and depth of penetration are 
recorded throughout the process. During the initial phase of the unloading, the material 
makes some elastic recovery. The plastic deformation prevents the material from 
completely returning to its original shape, so an impression is left on the surface of the 
specimen. The slope of the elastic portion of the unloading curve can be used to estimate 
the elastic modulus. The modulus determined from such a measurement is called the 
reduced modulus. 
  The TriboScan software is used to determine the reduced modulus and hardness 
by first fitting the load vs. displacement curve using the power law relation  
    (    )
 
, (7)  
where  ,   , and  are power law coefficients, and   is the displacement of the indenter 
tip [31]. Next, the derivative of the power law relation is taken with respect to   and 
evaluated at the maximum load to find the contact stiffness,  . The stiffness is then used 
to calculate the contact depth,    , through the relation 
              
    
 
 , (8)  
where      is maximum depth and      is maximum force [31]. Hardness,  , and 
reduced modulus,     are then calculated from  
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where  (  ) is a tip-specific area function giving the indentation area as a function of 
penetration depth [31]. A range of indenter tips are available in different shapes for use 
on different types of specimens. The tip used in this work was a fluid Berkovitch tip. The 
Berkovitch tip is a sharp diamond tip with a three-sided pyramid shape and a face angle 
of 65.27°. The tip radius of a used Berkovitch tip is typically on the order of 200 nm [30].  
 The nanoindenter can be used to obtain an in-situ scanning probe microscopy 
(SPM) image of the specimen surface. Points on that image can be selected for 
indentation in a process called piezoautomation [31].  
  A lock-in amplifier is used with the imaging function to perform a modulus map 
test. The lock-in amplifier sends a signal to the transducer, which causes the indenter tip 
to oscillate while scanning, and the software continuously analyses the response signal. 
The user selects the frequency of oscillation, the dynamic force applied to the indenter 
tip, and the sensitivity and time constant of data acquisition. The output of the test 
includes images of the phase and amplitude of the surface that is scanned [31].   
 From the phase and amplitude data, the TriboScan software can be used to 
calculate stiffness,  , and damping,  . The equation of motion is given by  
      (  )    ̈    ̇     , (11)  
where    is the applied dynamic force,   is the applied frequency, and  is the known 
mass of transducer components. After solving the associated differential equation, 
stiffness and damping are found using 
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where the measured resulting amplitude and phase are   and  , respectively. From 
stiffness and damping, the storage modulus,   , and loss modulus,   , are calculated 
using 
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In Equations (14) and (15), the subscript “s” refers to the properties of the sample. Also, 
        and         where    and    are the stiffness and damping values of the 
instrument found by running a dynamic calibration in the air. The contact area,   , is 
based on the tip radius determined through modulus mapping calibration [31]. 
 Modulus mapping was done on fiber-matrix interfaces. Fibers approximately 
perpendicular to the cut surface were selected for mapping. Scans of size 50 μm x 50 μm 
were conducted. Each surface was scanned at a relatively fast rate (1-2 Hz) until an area 
clearly spanning a fiber bundle-matrix interface was found. An example image is shown 
in Figure 15. Then, the lock-in amplifier was engaged, the scan rate was reduced, and 
modulus mapping data were acquired. All modulus mapping tests were conducted at a 
frequency of 200 Hz, a dynamic force of 0.2 μN, and a scan rate of 0.1 Hz. As per 
instructions in the Hysitron manual, the dynamic force was carefully selected so the 
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measured amplitude was in the range of 0.3 – 1 nm. After some experimentation, a 
sensitivity of 10 mV and a time constant of 10 ms were found to be favorable and were 
used for all tests. 
 
Figure 15: Nanoindenter image of a PLA - bamboo fiber bundle interface area selected for modulus 
mapping (50μm, 1.00 Hz scan rate). 
 
 After modulus mapping was conducted on an interface area, quasi-static 
indentation was performed in and near those areas using piezoautomation. Several 20 μm 
x 20 μm scans at a rate of 1 Hz, such as that shown in Figure 16, were performed for each 
interface area. Points on the fibers and in the fiber-fiber interface were designated as 
indentation sites. An example is given in Figure 17. Then, displacement-controlled quasi-
static indentation was performed to a depth of 100 nm. The loading and unloading rates 
for the tests were 10 nm/s with a 10 s hold between loading and unloading. Three 
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untreated and three mercerized fibers were tested and indentations with the same 
parameters were also performed on the PLA matrix. 
 
 
Figure 16: Nanoindenter image of bamboo fiber bundle area selected for nanoindentation (20μm, 
1.00 Hz scan rate). 
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Figure 17: Nanoindenter image of bamboo fiber bundle area with quasi-static indentation points 
selected for piezoautomation. (color altered for visibility). 
  
 After indentation, the surface was scanned again to locate the indentations. An 
example scan is shown in Figure 18. Only indentations that were clearly within the areas 
of interest were used for analysis. For example, the circled indentation in Figure 18 was 
not included in the data analysis because it was too close to the fiber edge and may not 
have accurately given the properties of the fiber-fiber interface. 
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Figure 18: Nanoindenter image of bamboo fiber area after quasi-static indentation. The circled 
indent was not included in analysis due to its proximity to the fiber edge. 
 
2.3.3  Scanning Electron Microscopy 
 The interfaces between the bamboo fibers and the PLA matrix were observed with 
a scanning electron microscope (SEM). The microscope used was an FEI Nova 
NanoSEM 450. An SEM creates an image of a specimen by bombarding the surface with 
electrons. The electrons are focused into a thin beam using magnetic lenses. The 
electrons that interact with and are deflected by the surface are perceived with a detector 
and used to create a raster image of the topography of the specimen. An SEM can create 
images at a much higher magnifications than an optical microscope.  SEMs are also 
capable of determining other characteristics of a material, such as composition and 
crystallography, but only imaging functions were used in this study.   
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 Microscopy specimens were created by submerging samples in liquid nitrogen for 
at least one minute and then breaking them with a hammer. The specimens were coated in 
Pt/Pd (80/20) to protect the specimens and to dissipate charge during electron 
bombardment. Images were taken at magnifications of 1000x and 15,000x. 
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Chapter 3 
EXPERIMENTAL RESULTS 
 
3.1  Composite Fabrication 
 Composites of PLA and bamboo fibers were successfully created with fiber 
concentrations of up to 40% by weight. The composites with 20% and 40% fibers came 
out of the extruder with poor consistency. The stream of material was irregular and had 
pockets of air in it. Collecting the material and using compression molding allowed for 
relatively consistent plates to be formed. By visual inspection, the dispersion of fibers in 
the 40% composite plates was much less regular than in the other composites. Also, it 
was more difficult to create a smooth, rectangular plate from the 40% fiber composite. 
3.2  Macro Scale Characterization 
 The properties of the bulk material were studied. Both mechanical and thermal 
properties were included in the analysis. The results showed no significant improvement 
in properties was achieved through the addition of bamboo fibers to the PLA. 
3.2.1  Three-point bending 
 One typical stress v. strain curve in bending for PLA and each of the composites 
samples are shown in Figure 19. The ultimate bending strength and the bending modulus 
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were found from the graphs of all the specimens. An example of this analysis is shown in 
Figure 20.  
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Figure 19: Characteristic bending stress vs. strain results for PLA and composites (one symbol 
displayed for every 100 data points). 
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Figure 20: Analysis of stress vs. strain results. The bending strength reported is the maximum stress 
achieved and the modulus is the slope of the quasi-linear portion of the curve. 
 
The results of the stress vs. strain analysis are given in Table 4. As the fiber 
content was increased, the strength of the composite decreased, and the modulus 
increased. There was no significant difference between the 20% samples with treated 
fibers and those with untreated fibers. 
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Table 4: Bending properties of PLA and composites. Bending strength decreased with increasing 
fiber content while bending modulus increased. Fiber treatment had no significant effect on 
composites bending properties.  
  Bending Strength (MPa) Bending Modulus (MPa) 
Sample Average St. Dev. Average St. Dev. 
PLA 89 1 2300 0 
PLA 20% BF 59 9 2100 300 
PLA 5% BF NaOH 73 6 2200 100 
PLA 10% BF NaOH 73 3 2400 100 
PLA 20% BF NaOH 64 9 3000 300 
PLA 40% BF NaOH 22 2 3100 300 
 
3.2.2  Impact 
 The fracture toughness of each sample is given in Figure 21. In general, adding 
mercerized fibers to the PLA decreased the fracture toughness. There was no clear 
relationship between the fracture toughness and the fiber content of the composite.   
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Figure 21: Fracture toughness of PLA and composites. In general, adding fibers decreased the 
fracture toughness of PLA. 
  
 After impact testing, images were taken of the fracture surfaces with an SEM. 
These images are shown in Figure 22 through Figure 27. There were bands of ductile and 
brittle failure found on neat PLA and the samples with 5% and 10% fiber content (Figure 
22, Figure 24, and Figure 25). Ductile failure happens when the material deforms before 
failing, absorbing energy. This type of fracture appeared in the SEM images as light-
colored bands due to the fissures in the material. More ductile failure leads to higher 
fracture toughness. The bands on neat PLA were relatively straight and regular. The 
fibers interrupted this pattern. The bands were found only in the composites in the matrix 
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away from the fibers. There was also evidence that some fibers pulled out of the matrix. 
There is a hole from a fiber visible in Figure 24 and fibers protruding from the matrix in 
Figure 25. Fibers pulling out of the matrix could decrease impact toughness. In the 
samples with 20% and 40% fiber content, there were very few or no bands of ductile 
failure. However, the 20% samples were found to have a slightly higher fracture 
toughness than the 5% and 10% samples. This result could be due to the fibers redirecting 
the fracture as it propagated through the material increasing the total length of the 
fracture. More energy is absorbed by the material during an irregular fracture than a 
straight one. There are relatively few fibers present in the images. This could be due to 
the composites fracturing between the fibers because the matrix provided less resistance 
to fracture than the fibers. 
  
 
Figure 22: SEM image of impact fracture surface of PLA. Bands of ductile and brittle failure are 
visible. 
Ductile 
failure 
Brittle 
failure 
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Figure 23: SEM image of impact fracture surface of PLA 20% BF. A hole from a pulled-out fiber is 
visible. 
 
 
Figure 24: SEM image of impact fracture surface of PLA 5% BF NaOH. Bands of ductile and brittle 
failure are visible. 
Hole from 
pulled-out 
fiber 
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Figure 25: SEM image of impact fracture surface of PLA 10 % BF NaOH. Bands of ductile and 
brittle failure are visible as well as pulled out fibers. 
 
 
Figure 26: SEM image of impact fracture surface of PLA 20% BF NaOH. This surface is very 
irregular.  
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Figure 27: SEM image of impact fracture surface of PLA 40% BF NaOH. This surface is very 
irregular. 
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3.2.3  Hardness 
 The Shore hardness of each sample is given in Table 5. The presence of bamboo 
fibers did not affect the surface hardness of the PLA. The fibers were small compared to 
the hardness testing tip, so they were not expected to directly affect the surface hardness. 
 
Table 5: Shore hardness of PLA and composites. There was no significant difference between the 
hardness of the samples. 
Sample 
Average 
Hardness 
(Shore D) 
Standard 
Deviation 
PLA 81 1 
PLA 20% BF 82 2 
PLA 5% BF NaOH 80 1 
PLA 10% BF NaOH 82 1 
PLA 20% BF NaOH 84 1 
PLA 40% BF NaOH 82 2 
 
3.2.4  Density 
 The measured densities of PLA and the bamboo fiber composites are listed in 
Table 6. The lowest density observed was for the untreated fiber composite. Among the 
composites with mercerized fibers, density increased with increasing fiber content. The 
theoretical densities, based on the densities of the fibers and the neat PLA, were 
calculated by the rule of mixtures method. There was a small difference between the 
theoretical density and the measured density for most of the composites. In general, the 
measured density was lower than the theoretical. This result was seen with untreated and 
mercerized fibers. 
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Table 6: Density of PLA, bamboo fibers, and composites. Theoretical density was calculated based on 
the PLA and bamboo fiber densities and a rule of mixtures. 
Sample 
Measured Density, d
m
 
(g/cm
3
) 
Theoretical Density, d
t
 
(g/cm
3
) (dt
-d
m
)/d
t
 
PLA 1.26 n/a n/a 
Bamboo Fiber                 1.32  [32] n/a n/a 
PLA 20% BF 1.20 1.27 0.06 
PLA 5% BF NaOH 1.21 1.26 0.04 
PLA 10% BF NaOH 1.23 1.27 0.03 
PLA 20% BF NaOH 1.23 1.27 0.03 
PLA 40% BF NaOH 1.28 1.28 0.00 
 
3.2.5  Dynamic Mechanical Analysis 
Amplitude Sweep 
 The amplitude sweep revealed that the properties of PLA and its BF composites 
were not dependent on amplitude between 3 and 35 μm. The amplitude used in 
temperature and frequency sweep DMA tests should be in the region where material 
properties are not dependent on amplitude. Thus, it was acceptable to use a 5 μm 
amplitude for the other DMA tests. 
 
Frequency Sweep 
 The dynamic mechanical properties of neat PLA and its composites as a function 
of frequency are shown in Figure 28. The moduli of PLA and the composites showed 
very little dependence on frequency below 100 Hz. The storage modulus of the 
composites increased as the fiber content increased up to 20%, and then decreased again 
with 40%. 
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(c) 
Figure 28: Graphs of DMA frequency sweep data (one symbol displayed for every five data points). 
(a) Storage Modulus, (b) Loss Modulus, (c) tan δ. Material properties were not highly dependent on 
frequency below 100 Hz. 
 
Temperature Sweep 
In a DMA test, a decrease in the storage modulus and a maximum in the loss 
modulus indicate a relaxation process is occurring. A maximum in the tan δ curve is also 
considered to be an indication of a relaxation process. However, according to ASTM 
standards, it is more appropriate to use the loss modulus peaks to determine transition 
temperatures [33]. The loss modulus curves (Figure 29 (b)) showed one significant 
relaxation for all the composites and neat PLA around 65 °C. This relaxation is the glass 
transition. The glass transition occurs when the glassy state of a polymer changes into a 
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rubbery or melt state. Above the glass transition temperature, Tg, polymer chain segments 
are capable of long-range translational motion [33].  There was a slight decrease in the Tg 
of the composites as fiber content increased. All of the glass transition temperatures were 
within the range of 62-67 °C, so the addition of bamboo fibers did not significantly affect 
the Tg of the PLA. Fiber content did affect the storage modulus, as can be seen in Figure 
29(a). The storage modulus of the composites increased with increasing fiber content at 
temperatures below Tg.  
Tan δ is an indication of the damping capabilities of the material. The lowest 
damping values were found for neat PLA, while PLA with 10% bamboo fibers showed 
the greatest damping. The higher the intensity of the tan δ peak, the more polymer chains 
are participating in the transition [34]. Because only the amorphous phase of a polymer 
participates in the transition, the intensity of a tan δ peak is inversely proportional to the 
crystallinity of the material [35]. The PLA/bamboo fiber composites are less crystalline 
than neat PLA. 
Around 85 °C, the storage modulus began to increase in all of the samples. An 
increase in storage modulus at a higher temperature than the glass transition is an 
indication of cold crystallization [33], [36]. Cold crystallization occurs when a polymer is 
slowly heated above its Tg. The polymer chains acquire translational mobility above Tg, 
and the slow heating allows time for the polymer chains to align, crystallizing the 
material. 
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(c) 
Figure 29: Graphs of DMA temperature sweep (one symbol displayed for every 100 data points). (a) 
Storage Modulus, (b) Loss Modulus, (c) tan δ. Fiber content did not significantly effect the glass 
transition temperature. In general, storage and loss modului increase with increasing fiber content. 
Damping of composites (tan δ) was greater than that of neat PLA. 
3.2.6  Thermogravimetric Analysis 
 The thermal degradation profiles of PLA, bamboo fibers, and the composite 
samples are shown in Figure 30. Their onset temperatures of degradation and residual 
masses at 700 °C are listed in Table 7. PLA degraded at a higher temperature than 
bamboo fibers and had a lower residual mass. As expected, adding bamboo fibers 
decreased the onset temperature of degradation of the PLA and increased the residual 
mass. The higher the fiber content, the lower the degradation temperature and the higher 
the residual mass. 
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 The mercerized bamboo fibers had a higher onset temperature than the untreated 
fibers. However, the composite with 20% untreated fibers had a higher onset temperature 
than the composite with 20% mercerized fibers.  
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Figure 30: TGA of (a) PLA and composites, (b) mercerized and untreated bamboo fibers (one symbol 
displayed for every 10 data points). Onset temperature of degradation of the composites decreased 
with increasing fiber content while residual mass increased. 
 
Table 7: Onset temperatures of degradation and residual masses at 700 °C of PLA, bamboo fibers, 
and their composites. Onset temperature of degradation of the composites decreased with increasing 
fiber content, while residual mass increased. 
Sample 
Onset Temperature 
(°C) Residual Mass (%) 
PLA 348 1 
BF (untreated) 281 18 
BF NaOH 294 29 
PLA 20% BF 333 3 
PLA 5% BF NaOH 313 1 
PLA 10% BF NaOH 298 2 
PLA 20% BF NaOH 302 6 
PLA 40% BF NaOH 242 21 
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The derivative of the mass v. temperature curve with respect to temperature is the 
derivative thermogravimetry (DTG) curve. DTG curves of PLA, bamboo fibers, and 
composites are shown in Figure 31. The minima in these curves correspond to 
degradation processes in the material. In a two-phase or composite material, it is common 
to see two distinct degradation processes. However, since the peak temperatures of the 
PLA and the bamboo fibers were relatively close together, just one degradation process is 
seen in most of the composites. 
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Figure 31: DTG curves of PLA, bamboo fibers, and their composites. The minima in these curves 
correspond to a significant degradation processes. One-stage degradation was observed for most of 
the composites. 
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3.2.7  Discussion of Macro Scale Results 
 The three-point bending test indicated that adding bamboo fiber to PLA with this 
fabrication process made the PLA more stiff and brittle. The mercerization process had 
no statistically significant effect on the bending properties of these composites.  
 Tokoro, et al. [14] found an increase in bending strength when bamboo fibers (40 
% by weight) were added to PLA. The fibers in that study were also mercerized and 
randomly oriented, but they were 30 mm in length. Yu, et al. [20]  also found an increase 
in bending strength when jute and ramie fibers (up to 30% by weight) were added to 
PLA. Those fibers were untreated, randomly oriented, and 10 mm in length on average. It 
is likely that longer fibers would have increased the bending strength of the composites in 
this study. 
 The interfacial bond strength is a major factor in the impact toughness of a 
composite [20]. Adding bamboo fibers, mercerized or untreated, reduced the fracture 
toughness of the PLA at least partially due to fiber pull-out from a poor matrix-fiber 
interface. Very different failure mechanisms were seen in the SEM images of the 
different samples, yet the fracture toughness varied very little. One explanation for this 
result is that the impacter used was too heavy to give accurate results for these specimens.  
Yu, et al. [20] found an increase in fracture toughness when jute and ramie fibers 
(up to 30% by weight) were added to PLA. The fibers used in [20] were longer (10 mm), 
so more energy would be absorbed in pulling them out. Longer bamboo fibers would 
likely have the same effect. Tokoro, et al. [14] found no significant effect on the fracture 
toughness of PLA when 30-mm mercerized bamboo fibers were added.  
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The measured density of the composites was lower than the theoretical density. 
This effect could be due to porosity in the composite, including spaces between the fibers 
and matrix. These results could indicate that there is less space between the mercerized 
fibers and the matrix than between the untreated fibers and the matrix. The number of 
spaces would likely increase with fiber content, but because the fibers are more dense 
than the PLA, it makes sense that higher fiber content would lead to a composite density 
closer to the theoretical value. 
 DMA revealed that the addition of mercerized bamboo fibers increases the 
storage modulus of PLA at least up to 20% fibers by weight. It also showed that PLA has 
a glass transition temperature of about 63 °C, and adding bamboo fibers does not 
significantly change the Tg. PLA goes through a cold crystallization process around 85 
°C. Adding mercerized bamboo fibers causes a more drastic increase in the storage 
modulus due to cold crystallization. The composites are also less crystalline than neat 
PLA. The fibers replace part of the semicrystalline PLA, reducing the total amount of 
crystallinity. 
 Adding bamboo fibers to PLA decreased its thermal stability because the 
degradation temperature was reduced. The residual mass, also known as the char yield, is 
an indication of potency of flame retardation [22]. As the residual mass of the composites 
was higher than the neat PLA, adding bamboo fibers, mercerized or untreated, increased 
the flame retardation of PLA. Adding 40% treated fibers had a much more significant 
effect on char yield than lower concentrations. 
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3.3  Micro/Nano Scale Characterization 
To better understand the macro scale properties of the composites, the fibers and 
the interfaces in the composites were studied by nanoindentation and scanning electron 
microscopy. Results indicated that mercerization of bamboo fibers has the potential to 
improve the mechanical properties of a PLA/bamboo fiber composite. 
3.3.1  Nanoindentation 
Modulus Mapping 
 A typical set of modulus maps is shown in Figure 32 for one untreated fiber in the 
PLA matrix and one mercerized fiber. The highest loss and storage moduli were found on 
the fibers, while the moduli of the matrix and the fiber-fiber interfaces were lower. The 
moduli of the mercerized fibers were higher than the moduli of the untreated fibers. 
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(a) 
 
(b) 
Figure 32: Modulus maps of the interface between the PLA matrix and (a) an untreated bamboo 
fiber bundle and (b) a mercerized bamboo fiber bundle. The fibers had higher moduli than the 
matrix and the fiber-fiber interfaces. The moduli of the untreated fibers were higher than that of the 
mercerized fibers. 
 
During the modulus mapping scan, topography data were also recorded. In the 
topography images of the untreated fibers (Figure 33(a), (b)), some holes were found 
between the fiber and the matrix. These holes were not found in the image with the 
mercerized fiber (Figure 33(c), (d)). 
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Figure 33: Topography images of the interface between the PLA matrix and (a), (b) an untreated 
bamboo fiber bundle and (c), (d) a mercerized bamboo fiber bundle. Holes are visible around the 
untreated fiber bundles. 
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Quasi-static Indentation 
 The results from the quasi-static indentation qualitatively agreed with the modulus 
mapping results. The modulus and hardness found for the fibers were higher than those 
found for the matrix or the fiber-fiber interface. The average modulus of the PLA matrix 
was 5.2 GPa. There was no statistically significant difference between the properties of 
the matrix in the composite with the untreated fibers and the properties of the matrix in 
the composite with the mercerized fibers. The properties found for each fiber group (as 
an average of at least five indentations on the region of interest) are listed in Table 8 and 
Table 9. On average, the modulus of the mercerized fibers was 3 GPa lower than the 
modulus of the untreated fibers. However, there was not a significant difference between 
the properties of the fiber-fiber interface in the mercerized and untreated fibers.  
 
Table 8: Reduced moduli of bamboo fibers and their fiber-fiber interfaces obtained by quasi-static 
nanoindentation. The moduli of the fibers is higher than that of the interfaces. 
 
fiber 
E
r  
(GPa) 
 
fiber f-f interface 
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 1 19.1 12.9 
2 21.3 13.4 
3 15.4 5.9 
avg 18.6 10.7 
 
   
m
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ce
ri
ze
d
 
1 15.9 10.6 
2 9.4 7.6 
3 18.4 13.2 
avg 14.5 10.5 
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Table 9: Hardness of bamboo fibers and their fiber-fiber interfaces obtained by quasi-static 
nanoindentation. The hardness of the fibers is higher than that of the interfaces. 
 
fiber Hardness (GPa) 
 
fiber f-f interface 
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d
 1 0.422 0.396 
2 0.452 0.412 
3 0.361 0.180 
avg 0.412 0.330 
 
   
m
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d
 
1 0.337 0.248 
2 0.417 0.328 
3 0.424 0.375 
avg 0.393 0.317 
 
 
3.3.2  Scanning Electron Microscopy 
 SEM images were taken to inspect the fiber-matrix interface further. Images of 
the interfaces around untreated fibers are shown in Figure 34 and images of the interfaces 
around mercerized fibers are shown in Figure 35. The space between the fiber and the 
matrix was smaller for the mercerized fibers than the untreated fibers. Also, there were 
many connections visible between the mercerized fiber and the matrix, while there were 
very few of these connections around the untreated fiber. In the image of the mercerized 
fiber (Figure 35), it appears some lignin has been removed from the fiber surface. 
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Figure 34: SEM images of the interface between PLA and untreated bamboo fiber bundles. There is 
a large space between the fiber and matrix and little connectivity. 
 
 
 
 
 
 
 
 
 
Figure 35: SEM images of the interface between PLA and mercerized bamboo fibers. The space 
between the fiber and matrix is relatively small with visible connections. Some lignin removal is 
visible. 
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3.3.3  Discussion of Micro/Nano Scale Results 
 Quasi static nanoindentation indicated that mercerizing the bamboo fibers reduced 
the modulus and hardness of the fibers. Even the treated fibers had a higher modulus than 
the fiber-fiber interface, so mercerizing the fiber groups until all the fibers are separated 
may result in fibers with a higher modulus than the untreated fiber groups. Holes were 
found between the untreated fibers and the matrix but they were not found with the 
mercerized fibers. This result suggests the treatment process improved the matrix-fiber 
adhesion. SEM also indicated that the mercerization improved matrix-fiber adhesion. 
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Chapter 4  
THEORETICAL MODELING 
 
 A reduction of strength with an increase in fiber content is not an expected or 
preferable result for fiber composites. Theoretical models were employed to better 
understand factors that could lead to this trend. Only the results from the composites with 
treated fibers were compared with the theoretical results. 
 A literature search yielded several theoretical models applicable to randomly 
oriented, short-fiber composites. Three of these models were used for the composites in 
this thesis. The simplest model for predicting the elastic modulus and ultimate tensile 
strength of the composite is proposed by Hirsch [37]. Hirsch’s model is a combination of 
parallel and series models for a continuous, unidirectionally aligned fiber composite. The 
second model examined, the modified rule of mixtures model, is also based on the 
parallel model but with factors that account for fiber length and orientation [10], [11], 
[38]. Finally, the third model examined is the directional average model [39], [40], [41]. 
It predicts composite tensile strength using an average of unidirectional composite 
strengths over a range of angles.  
The mass fraction of fibers was measured when each of the composites was 
created. However, the models base composite properties on the volume fraction of fibers. 
The volume fraction was calculated from the mass fraction,  , using 
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 , (16)  
where    was the measured composite density, given in Table 10, and    was the 
bamboo fiber density, 1.32 g/cm [32]. This method was used for all of the models. 
 
Table 10: Measured composite densities 
Sample dm (g/cm
3
) 
PLA 1.26 
Bamboo Fiber 1.32 
PLA 20% BF 1.20 
PLA 5% BF NaOH 1.21 
PLA 10% BF NaOH 1.23 
PLA 20% BF NaOH 1.23 
PLA 40% BF NaOH 1.28 
 
4.1  Hirsch Model 
 When fibers are aligned parallel or perpendicular to the direction of loading, the 
composite properties can be modeled using a parallel or series rule of mixtures, 
respectively [37]. For the parallel model,    and    are the composite tensile modulus 
and strength, respectively, and are given by 
              , (17)  
              , (18)  
where    and    are the modulus and strength of the fibers, and    and    are the 
modulus and strength of the matrix. The volume fractions of fibers and matrix in the 
composite are    and   , respectively. For the series model, these relations are given by 
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(19)  
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(20)  
 Hirsch’s model is a combination of the parallel and series models. A Hirsch 
composite has fibers that are parallel and fibers that are perpendicular to the applied load, 
as is depicted in Figure 36 [37].  
 
 
Figure 36: Fiber orientations for parallel, series, and Hirsch composite models. The Hirsch model is a 
combination of the parallel and series models. 
 
In the Hirsch equations,   is the fraction of the composite that behaves as a 
parallel fiber composite (     ) [37]. In this case, 
     (         )  (   )
    
         
 , (21)  
     (         )  (   ) 
    
         
 . (22)  
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A composite with randomly oriented fibers can be approximated as a Hirsch composite. 
In this case,   must be determined by comparison with experimental results [37].  
Application 
 The Hirsch model was applied to the PLA/bamboo fiber composites for three 
values of   using the following parameters: 
          GPa,         MPa,  
         GPa ,        MPa. 
The modulus properties used were the properties measured for neat PLA in the three-
point bending test. The fiber properties were taken from [12]. 
The results are listed in Table 11. While there is some agreement between the 
theoretical and measured moduli, this model cannot yield a theoretical strength that 
decreases as the fraction of fibers increases. Therefore, this model is not a good match for 
the experimental data. 
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Table 11: Computational results of the Hirsch model. According to this model, composite strength 
increases with increasing fiber content for every x, contrary to experimental results. 
x mf Ec (GPa) σc (MPa) 
0.1 
0.05 2.49 92.0 
0.1 2.69 95.1 
0.2 3.13 101.9 
0.4 4.20 118.1 
        
0.5 
0.05 2.84 93.4 
0.1 3.40 98.0 
0.2 4.51 107.4 
0.4 6.89 127.8 
        
0.9 
0.05 3.19 94.9 
0.1 4.10 100.9 
0.2 5.90 112.8 
0.4 9.58 137.4 
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4.2  Modified Rule of Mixtures Model 
 The mechanical properties of a short fiber-reinforced composite can be predicted 
using a modified rule of mixtures. This model is based on a continuous, aligned, parallel 
fiber composite with factors to account for discontinuous and misaligned fibers. In this 
case, the composite modulus and strength are given by, 
                 , (23)  
                 , (24)  
where    and    are orientation factors [10]. For fibers that are randomly oriented in 
three dimensions,    and    are approximately 1/5. Fiber length is taken into account 
with    and    [11].  
 A fiber’s effectiveness to carry a load is determined by its length and the fiber-
matrix interface. Shear-lag analysis can be used to determine a fiber’s effectiveness. 
Shear-lag analysis takes into account the inability of the matrix to transfer all applied 
strain to the fibers. The strain transferred varies over the length of a fiber. This analysis 
can be used to determine the stress in the fiber. Tensile stress is considered to be zero at 
the fiber ends and reaches a maximum in the middle. If the fiber is long enough, the 
maximum stress in the fiber will be the stress applied to the composite in the direction of 
the fiber. In this case, there may be a maximum stress region in the fiber instead of a 
single point. If the fiber is too short to carry all of the stress applied to the composite, 
there will be one point of maximum stress in the fiber [38]. Assuming the fiber and 
matrix are elastic and ignoring stress transfer from the ends of the fiber, the load 
transferred to the fiber from the matrix at a distance x from the end is given by [38], [42]  
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where   is the average interfiber spacing, and   is the composite strain in the direction of 
the fiber. By shear lag analysis,  
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where   is the fiber aspect ratio [11]. Slipping occurs between the fiber and the matrix 
when the fiber aspect ratio is less than the critical aspect ratio,   .  Below the critical 
aspect ratio, the fiber cannot be loaded to reach the applied composite strain. The critical 
aspect ratio is based on the stress transfer length, which is the length along the fiber 
required to go from zero load to the applied load [38]. Stress transfer length can be 
calculated as given in Equation (29) using the stress profile in Equation (25). The critical 
aspect ratio is found from Equation (30) as 
                                               
  
 
 
[        (    (
  
 
)  
       
   
)] , 
(29)  
 
79 
 
 where 
    
    
 
 . 
(30)  
When there is no slipping,      and 
      
  
  
 . (31)  
When fiber slipping does occur,      and [11] 
    
 
   
 . (32)  
Application 
 This model was applied to predict the tensile modulus and strength of the PLA/BF 
composites using the following parameters: 
          GPa,         MPa, 
         GPa ,        MPa, 
      mm,      0.05 mm, 
          [39]. 
  
 The strength and modulus results are listed in Table 12. This model showed 
significant improvement over the Hirsch model in that the theoretical composite strength 
decreased as fiber content increased. According to this model, fiber slip should occur in 
all the composite samples.  
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Table 12: Computational results of the Modified Rule of Mixtures Model. According to this model, 
composite strength decreases with increasing fiber content. 
Ef 
(GPa) σf (MPa) mf 
Ec 
(GPa) σc (MPa) 
35.9 440 
0.05 2.42 85.5 
0.1 2.56 81.9 
0.2 2.87 74.7 
0.4 3.54 60.2 
  
The fiber properties used initially were the average properties for general bamboo 
fibers. In an attempt to improve the agreement between the model and the experimental 
results, multiple values for the strength and modulus of the bamboo fibers were used in 
the model and the results compared with the measured bending modulus and strength of 
the composite. These results are given in Table 13. Because bamboo fibers are a natural 
material, their mechanical properties vary significantly from fiber to fiber. The overall 
average bamboo fiber properties may not be the same as the average properties of the 
fibers in these PLA/bamboo fiber composites. All the values used were within one 
standard deviation of the mean found in [12].  
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Table 13: Computational results of the modified rule of mixtures model for multiple fiber properties. 
The best agreement with the experimental results was found with Ef = 25.0 GPa and σf  = 220 MPa. 
Ef (GPa) σf (MPa) mf 
Ec 
(GPa) σc (MPa) 
35.9 440 
0.05 2.42 85.5 
0.1 2.56 81.9 
0.2 2.87 74.7 
0.4 3.54 60.2 
          
22.8 220 
0.05 2.35 85.1 
0.1 2.41 81.1 
0.2 2.55 73.3 
0.4 2.85 57.3 
          
49.0 660 
0.05 2.48 85.8 
0.1 2.69 82.6 
0.2 3.15 76.1 
0.4 4.18 63.1 
          
49.0 220 
0.05 2.48 85.1 
0.1 2.69 81.1 
0.2 3.15 73.3 
0.4 4.18 57.3 
          
22.8 660 
0.05 2.35 85.8 
0.1 2.41 82.6 
0.2 2.55 76.1 
0.4 2.85 63.1 
          
25.0 220 
0.05 2.36 85.1 
0.1 2.44 81.1 
0.2 2.60 73.3 
0.4 2.97 57.3 
  
 The best agreement between theoretical and experimental results was found with 
the lowest fiber strength (220 MPa) and low fiber modulus (25.0 GPa). With 
experimental data from tensile testing, the agreement may be different. 
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4.3  Directional Average Model 
 There are three failure mechanisms in a fiber composite. The angle between the 
fiber direction and the direction of applied stress determines the operative mechanism of 
failure [39]. Jackson and Cratchley [40] defined these failure mechanisms, and Chen [41] 
developed an averaging method over all fiber directions to estimate the strength of a 
randomly-aligned fiber composite.  
4.3.1  Jackson and Cratchley model 
 In a typical fiber composite, the fibers have a higher ultimate strength but a lower 
strain at break than the matrix. Assuming this is true, the composite will fail due to fiber 
failure at when the angle between the fiber direction and the direction of the applied load, 
 , is small [40]. The composite strength in this interval is given by 
    
   
     
 , 
(33)  
where     is the strength of the unidirectionally-aligned composite, given by 
            (    ). (34)  
 Chen [41] modified the model developed by Jackson and Cratchley [40] to 
represent a discontinuous fiber composite. A composite strength efficiency factor,  , is 
added, and the above equation becomes 
 
   
    
     
 . 
(35)  
 When   is in an intermediate range, shear failure of the matrix is the operative 
failure mechanism. The matrix can fail on a plane parallel to the fiber. In this case, the 
composite strength becomes 
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where    is the shear strength of the weakest interface in the composite. As   approaches  
 
 
, the composite fails by flow transverse to the fibers. In this case, the matrix fails in 
plane strain. The failure stress at high angles of   is given by 
    
  
     
 , 
(37)  
where    is the ultimate tensile strength of the matrix. 
4.3.2  Averaging Technique 
Averaging the off-axis composite strength yields a theoretical prediction of the ultimate 
tensile strength of a randomly oriented fiber composite. The strength is found using 
Equation (23). It is integrated as a piece-wise continuous function over an interval of  
 
 
 
given by [41] 
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Considering the composite strength to be continuous,   and    can be found to be 
       
  (       )  and        
  (     ). (39)  
After the integration is carried out, the composite strength is given by 
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Application 
The directional average model was applied using 
         MPa, 
        MPa. 
As the shear strength of the matrix-fiber interface has not yet been measured for the 
composite samples, several values for    were assumed. The results are listed in Table 
14. 
Table 14: Computational results of the directional average model. This model does not allow for 
composite strength to decrease with increasing fiber content. Thus, there is no agreement with the 
experimental results. 
τm (MPa) mf 
σc (MPa) 
ξ=0.1 ξ=0.5 ξ=0.9 
1 
0.05 5.57 6.59 6.96 
0.1 5.61 6.63 7.01 
0.2 5.68 6.71 7.08 
0.4 5.81 6.83 7.21 
 
        
10 
0.05 26.3 36.6 40.3 
0.1 26.8 37.0 40.7 
0.2 27.5 37.7 41.5 
0.4 28.8 39.0 42.8 
 
        
100 
0.05 -29.8 72.7 110.1 
0.1 -25.7 76.8 114.2 
0.2 -18.2 84.2 121.7 
0.4 -5.3 97.1 134.5 
  
From these results, it can be seen that this model does not support a low 
composite efficiency coupled with a high shear strength. If the fiber-matrix interface is 
considered to be the weakest interface in the material, it makes sense that    and   would 
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not be independent of one another. Higher interfacial shear strength would lead to higher 
composite efficiency. 
 Like Hirsch’s model, this model lacks the possibility of giving a composite 
strength that decreases as the fraction of fibers increases. Even with a very low    at the 
matrix-fiber interface and a low  , the addition of fibers increases the theoretical strength. 
This model is also not a good match with the experimental data. 
4.4  Discussion of Theoretical Modeling 
 Of the three models explored, the modified rule of mixtures model is the best 
match for the experimental data. The consideration for fiber slip allows for a decrease in 
strength as the fiber fraction increases, while the other two models do not allow for that. 
The experimental results still show a more significant decrease in strength at high 
fractions of fibers than the modified rule of mixtures model can account for. There must 
be other inefficiencies in the composite that are not accounted for in the model. Two 
likely sources of inefficiencies are poor matrix-fiber adhesion and porosity in the matrix. 
 The Hirsch, modified rule of mixtures, and directional average models all are 
based on the assumption that there is perfect bonding between the fiber and the matrix. 
With the trend in the measured strength data and the nanoindentation, it is likely that 
perfect adhesion is not a reasonable assumption for these composites. A better model 
would have a factor for adhesion.  
 None of these models considers the potential effect of the fiber fraction on the 
properties of the matrix. The fibers and the PLA were dried in an oven before extrusion, 
but there was transition time during which the hydrophilic bamboo fibers may have 
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absorbed some moisture from the air. Water droplets expand inside the extruder and can 
cause voids in the resulting material. More bamboo in the extruder means more potential 
for water in the extruder, so it is likely that there is porosity in the PLA matrix that 
increases with fiber content. Adding a fiber content-dependent matrix efficiency factor 
could improve the agreement of these models with the experimental data. 
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Chapter 5 
CONCLUSIONS AND FUTURE WORK 
 
 The goal of studying biocomposites is to find alternatives to standard synthetic 
polymers that are currently in wide use. The use of biocomposites instead of synthetic 
polymers would reduce waste and pollution and ensure a renewable supply of raw 
materials. Biocomposites made from PLA and bamboo fibers were studied in this thesis. 
PLA and bamboo fibers are annually renewable and biodegradable. The effects of fiber 
content and fiber treatment by mercerization were analyzed.  
 It is possible to create composites of PLA and bamboo fibers by single-screw 
extrusion and compression molding. These composites can be made with a fiber 
concentration of up to 40% by weight. Forty percent is a likely limit for the concentration 
of fibers in composites made by this method.  Melt blending followed by compression 
molding could be used to obtain higher fiber contents. Shih, et al. [22] used this method 
to create composites from PLA and recycled chopstick fibers with 60% fibers by weight.. 
Hot pressing and injection molding have been used to fabricate composites with 50% 
fibers [20], [35]. 
 Adding bamboo fibers with this fabrication method caused the PLA to become 
more brittle. The fibers reduced the bending strength and fracture toughness of PLA 
while increasing the bending modulus, storage modulus, and loss modulus. 
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 The fibers used in this study were not long enough to provide a good reinforcing 
effect. Tokoro, et al. [14] and Yu, et al. [20] used longer natural fibers in a PLA matrix 
and were able to increase the strength, modulus and glass transition temperature of PLA. 
According to shear-lag analysis, the fibers used in this study have an aspect ratio below 
the critical aspect ratio [38]. Stress was not efficiently transferred to the fibers, so they 
had a poor reinforcing effect.   
 Mercerizing the fibers did not result in higher material strength, but there were 
indications that it improved the adhesion between the fiber and the matrix. Nanoindenter 
and SEM images showed larger spaces and less connectivity around the untreated 
bamboo fibers than around the mercerized fibers. SEM also indicated that mercerization 
removed lignin from the surface of bamboo fibers. This result implies that mercerization 
has the potential to separate individual fibers by removing the material between them. 
Perhaps a higher concentration of NaOH or a longer soak time would separate the fibers 
more. Nanoindentation results indicated that the fibers had a higher modulus and 
hardness than the material between them, so separating the fibers would be advantageous. 
However, the mercerized fibers tested had a lower modulus and hardness than the 
untreated fibers, so a balance should be found between separation and degradation of the 
fibers. To produce higher strength composites for structural applications, future work on 
this topic should include an optimization of the mercerization process. A pull-out test 
should be designed to test the effects of treatment processes. 
 The dynamic properties of PLA and the composites were highly dependent on 
temperature in the range of 30 – 150 °C, but they were not very dependent on frequency 
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below 100 Hz. The addition of bamboo fibers did not significantly affect the glass 
transition temperature of the PLA, but it did reduce the temperature at which PLA begins 
to degrade. A low degradation temperature can be preferable for disposable materials. 
Adding high concentrations of treated fibers is a way to increase the flame retardation of 
PLA. It would be interesting to study the thermal conductivity of these composites in the 
future to explore their potential as insulation materials. 
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